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Abstract: This study was carried out to add scientific data in regard to the use of metallic 
nanoparticles in nanomedicine. The acute toxicity of nickel (Ni) nanoparticles (50 nm), intrave- 
nously injected through the dorsal penile vein of Sprague Dawley rats was evaluated in this study. 
Fourteen days after injection, Ni nanoparticles induced liver and spleen injury, lung inflamma- 
tion, and caused cardiac toxicity. These results indicate that precautionary measures should be 
taken with regard to the use of Ni nanoparticles or Ni compounds in nanomedicine. 
Keywords: nickel, nanoparticles, intravenous, acute toxicity 

Introduction 

In recent times, the medical industry has seen many improvements and advances in 
the treatment and diagnosis of diseases because of nanotechnology. Major advances 
have taken place in diagnostics and treatment with the development of improved 
contrast agents'"^ and drug delivery vehicles.*"* The use of metallic nanoparticles 
and compounds generated with metallic nanoparticles have been paramount to these 
advances. Nickel (Ni) and Ni compound nanoparticles are among the compounds 
being investigated; for example, nickel ferrite (Ni-FejO^).' '" The physicochemical 
properties of magnetic nanoparticles, such as Ni, are constantly being improved for 
other biological applications, which includes magnetically-guided delivery systems 
for different therapeutics." An in vitro study has also shown that functionalized Ni 
nanoparticles capped with positively charged tetraheptylammonium can efficiently 
enhance the permeation and uptake of quercetin into hepatocellular carcinoma cells 
(SMMC-7721), implying that Ni nanoparticles have potential for cancer biomedical 
and chemotherapeutic applications.'^ Other groups have also investigated the use of 
Ni nanoparticles for chemotherapeutic applications, such as the accumulation of the 
anticancer drug daunorubicin in leukemia cells.''-''' The challenge lies in the applica- 
tion of these methods in vivo, where factors, such as plasma protein interactions'^ 
and particle dissociation, influence the end result. These factors can also contribute 
to nanoparticle toxicity. In addition, many metal particles, such as Ni, have very poor 
solubility in water, which may contribute to their toxicity effects. 

With respect to nanomedicine, the in vivo delivery of these nanoparticles is 
accomplished through parenteral methods, such as intravenous administration. 
Intravenous administration of substances bypasses the first-pass effect, allowing 
higher concentrations to be delivered throughout the body. Dorsal penile vein 
(DPV) exposure is one of the methods of intravenous administration used in in vivo 
animal experiments, and nanoparticles are commonly used as contrast agents" in 
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DPV exposure studies. DPV, as well as tail vein injection, 
are indispensable tools for determining the toxicity of test 
substances that are delivered intravenously. Therefore, 
identifying the target tissues for intravenously administered 
metallic Ni nanoparticles and their toxicity in in vivo mod- 
els builds a foundation for determining the target tissues 
of other functionalized Ni nanoparticles that are being 
explored. This may also lead to improved target therapy and 
systemic monitoring. In this study, we evaluate the acute 
toxicity of metallic Ni nanoparticles administered through 
the DPV of Sprague Dawley rats using basic medical diag- 
nostic tools, such as histopathological, biochemical, and 
hematological tests. 

Materials and methods 

Materials 

Ni nanoparticles were obtained from Danyang City Alloy and 
Steel Refinery Co, Ltd (Danyang, Jiangsu, People's Republic 
of China) (50 nm). Isoflurane was obtained Irom Sun Chemical 
Technology Co, Ltd (Shanghai, People's Repubhc of China). A 
Hitachi 7600- 1 1 0 autoanalyzer (Hitachi Ltd, Tokyo, Japan) and 
blood analyzer (Sysmex XT- 1 800i; Sysmex Co, Kobe, Japan) 
were used for biochemical and hematological analysis, respec- 
tively. Sprague Dawley rats were purchased irom Zhejiang 
Provincial Laboratory Animal Science Center (Hangzhou, 
Zhejiang, People's Repulic of China). 

Methods 

Ni nanoparticle preparation 

A stock suspension of Ni nanoparticles was prepared in 
normal saline (10 mg/mL) by sonication for 30 seconds 
using a Branson sonifier 450 (Branson Ultrasonics Corp, 
Danbury, CT, USA). The particle suspensions were kept 
on ice for 15 seconds and sonicated again on ice for a 
total of 3 minutes at a power of 400 W. Before use, Ni 
nanoparticles were diluted to desired concentrations in 
fresh saline. All samples were prepared under sterile 
conditions. 

Detection of size distribution 

The size distribution of Ni nanoparticles was detected using 
scanning electron microscopy (SEM) (Hitachi S-4800; 
Hitachi Ltd). Briefly, Ni nanoparticles were prepared by 
sonication. The samples were then diluted in double-distilled 
water and air-dried onto a carbon planchet. Images were col- 
lected on SEM. Optimas 6.5 image analysis software (Media 
Cybernetics, Bethesda, MD, USA) was used to measure the 
diameter of Ni nanoparticles. 



Animal husbandry 

Sprague Dawley rats were selected as the animal model for 
the acute toxicity study of Ni nanoparticles. All animals 
(16 rats) were housed according to standard animal housing 
conditions (relative humidity 60%+ 10%, room temperature 
20°C+2°C, and 12 hour light/dark cycle). Food and water 
were provided ad libitum. All animals were kept in stress 
free, hygienic, and animal-friendly conditions. Animal study 
protocols were approved by the Ningbo University Institu- 
tional Animal Care and Use Committee. 

Study design and dose selection 

Healthy rats (12 weeks old) were selected and randomly 
divided into one control group and three experimental groups 
(1 mg/kg, 10 mg/kg, and 20 mg/kg) with four male rats in 
each group. A staged approach to dosing method was used 
to select the dose ranges. Ni nanoparticles were suspended in 
normal saline and vortexed. The animals were anesthetized 
with isoflurane (5%) prior to injection of Ni nanoparticles 
(2 mL of particle suspension) through the DPV, once at day 1 
and once at day 14. The control group received an injection 
of 2 mL normal saline. The rats were anesthetized with iso- 
flurane before sacrifice at day 15. 

Hematological analysis 

After the rats were anesthetized, blood for hematological 
analysis was collected into a test tube containing 20 mg/mL 
ethylenediaminetetraacetic acid (EDTA) anticoagulant. The rat 
was sacrificed at the same time and 5.0 mL blood was collected 
by incision of the femoral artery; 1 mL of this sample was col- 
lected in a tube with EDTA for complete blood count (CBC) 
and the remaining 4 mL was used for biochemical analysis. 

The blood was analyzed for the number of erythrocytes, 
platelets, total white blood cells (WBCs) as well as WBC 
differentials using an automated blood analyzer (Sysmex 
XT- 18001, Sysmex). In addition to these, hemoglobin (Hb) 
and mean corpuscular hemoglobin concentrate (MCHC) 
were also analyzed. 

Biochemical analysis 

The enzymatic parameters related to liver, kidney, and car- 
diac function were detected using an auto analyzer (Hitachi 
7600-1 10; Hitachi Ltd). Analysis of lipid and serum electro- 
lytes were also included. 

Organ to body weight coefficient 

The body weight of all rats were recorded before sacrifice. 
Organs, such as the heart, lung, liver, spleen, kidney, brain, and 
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testes were removed and weighed immediately. After weighing 
the body and organs, the coefficients of hver, heart, lung, spleen, 
kidney, brain, and testes weight to body weight were calculated 
as the ratio of tissue wet weight (g) to body weight (g). 

Histopathological examination 

The organs were immediately fixed in 10% formalin for 
histopathological examination. The formalin fixed tissues 
were stored at 4°C until examination. Tissues were processed 
using standard histological laboratory techniques. Briefly, 
using a microtome, 3-4 |j,m sections were cut then stained 
with hematoxylin and eosin (H&E) stain following a standard 
staining protocol. 

Statistical analysis 

Statistical analysis was performed using SAS statistical soft- 
ware (SAS Institute Inc., Gary, NC, USA). The Student's /-test 
was used to compare the difference between the experimental 
groups and the control group. The statistical significance for 
all tests was set at P^O.05. The results are presented as means 
+ standard deviation (SD). 

Results 

The average size distribution 
of Ni nanoparticles 

The average size distribution of the Ni nanoparticles 
was 40.50+18.60 nm as detected by Optimas 6.5 image 
analysis software (Media Cybernetics). Images of Ni 
nanoparticles were captured by SEM (Figure 1) and Table 1 
gives the physicochemical characteristics of the metallic 
Ni nanoparticles. The size distribution of Ni nanoparticles 
agglomerates/aggregates in saline was observed under a light 
microscope (Figure 2). 



Table I Physicochemical characteristics of metallic NI nanoparticles 



Sample 


Primary size measured by 


Surface 


Composition 




Manufacturer SEM 


area 








(m^/g) 




Ni Nano 


SOnm 40.50±l8.6nm 


28 


99.8% Ni 








0.01% Co 








0.0068% Ca 



Abbreviations: Nano, nanoparticles; Ni, nickel; SEM, scanning electron microscope. 

Coefficient of tissues 

Throughout the study period, no behavioral changes or 
unusual responses were observed in the animals treated with 
Ni nanoparticles. 

The heart, lung, spleen, kidney, brain, and testes of ani- 
mals treated with Ni nanoparticles had no significant differ- 
ences in organ weight/body weight coefficients (Figure 3). 
The organ weight/body weight coefficient of the liver of rats 
treated with Ni nanoparticles increased significantly in a dose 
dependent manner. 

Hematological analysis 

Ni nanoparticles significantly increased the WBC count in all 
dose groups, most significantly in the 1 mg/kg dose group. 
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Figure I Image of nickel nanoparticles captured by scanning electron microscopy. 



Figure 2 Ni nanoparticles agglomerates/aggregates formation in saline under light 
microscopy. 

Notes: Ni nanoparticles in saline were dropped onto a glass slide. Agglomerates/ 
aggregates of Ni nanoparticles in solution were checked under the microscope 
(400X). After precipitation, the larger agglomerates/aggregates were in the size 
range of 100-600 nm, and the smaller agglomerates/aggregates were not visible 
under the light microscope at 400X. 
Abbreviation: Ni, nickel. 
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Kidney 
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p=lLLLI p- ll ill P- jl III 



Control 1 mg/kg 10 mg/kg 20 mg/kg 
Dose range 



Control 1 mg/kg 10 mg/kg 20 mg/kg 
Dose range 



Control 1 mg/kg 1 0 mg/kg 20 mg/kg 
Dose range 



Testes 




Control 1 mg/kg 10 mg/kg 20 mg/kg 
Dose range 



Figure 3 Organ coefficient values of rats exposed to Ni nanoparticles through DPV injection. 
Notes: *P<0.05, **PsO.OI, and ***P!SO.OOI versus control. 
Abbreviations: Ni, nickel; DPV, dorsal penile vein. 



and the RBC count, Hb concentration, and the monocyte 
percentage (Mo%) in the 20 mg/kg dose group. Conversely, 
the neutrophil percentage (Ne%) at 10 mg/kg was signifi- 
cantly decreased. No significant changes were observed in 
the other hematological parameters measured (Table 1). 

Biochemical analysis 

The biochemical parameters, included the liver, renal, cardiac 
and lipid profiles, and serum electrolytes are shown in Table 3 . 
The liver profiles showed that the Ni nanoparticles induced 
significant increases in serum albumin levels at 1 mg/kg and 
alkaline phosphatase (ALP) with the 20 mg/kg dose. Serum 
levels of alanine aminotransferase (ALT) with 1 mg/kg, total 
bilirubin with 1 0 mg/kg and 20 mg/kg doses, and direct bili- 
rubin with the 20 mg/kg dose were significantly decreased. 
No significant differences in the serum levels of total protein 
and aspartate aminotransferase (AST) were observed in the 
liver profile. The renal profile parameters (creatinine, uric 
acid, and blood urea nitrogen [BUN]), were not significantly 
different between any dose group compared to controls. 
Serum creatine kinase (CK) levels with 1 mg/kg and 20 mg/kg 
were significantly decreased, while no significant changes 



were observed for serum CK-MB levels compared to con- 
trols. The lipid profile showed that there were significant 
decreases in serum levels of low-density lipoprotein (LDL) 
cholesterol with 1 mg/kg and cholesterol with the 10 mg/ 
kg dose, while with 20 mg/kg dose the serum cholesterol 
levels were significantly increased. Significant increases 
in the serum levels of triglycerides (1 mg/kg and 10 mg/kg 
doses) and apolipoprotein E (Apo-E; 10 mg/kg and 20 mg/kg 
doses) were also observed. Phosphate levels in the serum had 
a significant decrease in a dose dependent manner compared 
to controls, and the magnesium levels were also decreased 
with the 10 mg/kg and 20 mg/kg doses. 

Histopathological examination 

The histological tissue sections of the rat lung, liver, and 
spleen treated with Ni nanoparticles showed pathological 
changes as revealed in Figures 4, 5, and 6, respectively. No 
significant pathological changes were observed in other tis- 
sues (not shown). 

Ni nanoparticles caused lung inflammation in the rats with 
all dose ranges. The Ni nanoparticle treatments were associ- 
ated with mild to moderate lymphocytic and eosinophilic 
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Figure 4 Photomicrograph of lung tissue sections of rats treated with Ni nanoparticies. 

Notes: (A) Control (200X); (B) lymphocytic and eosinophilic infiltrates with thickening of alveolar walls and foamy macrophages (dark arrow) with the 20 mg/kg dose of 
Ni nanoparticies (40X); (C) foamy macrophages (indicated by the asterisk) with 20 mg/kg Ni nanoparticies (400X); (D) lymphocytic and eosinophilic infiltrates (dark arrow) 
with I mg/kg Ni nanoparticies (40X); (E) lymphocytic and eosinophilic infiltrates (dark arrow) with 10 mg/kg Ni nanoparticies (40X). 
Abbreviations: a, alveolar space; as, alveolar septae; b, bronchioles; Ni, nickel; v, veins. 




Figure 5 Photomicrograph of liver tissue sections of rats treated with Ni nanoparticies. 

Notes: (A) control (lOOX); (B-D) distorted architecture (indicated by the asterisk) of the liver sinusoids with 10 mg/kg Ni nanoparticies {200X); (E) lymphoctic and 
eosinophilic infiltrates at the periphery of the liver (dark arrow) with 20 mg/kg Ni nanoparticies {200X). 
Abbreviations: h, hepatocytes; hp, hepatic portal; Ni, nickel; s, sinusoids; hv, hepatic vein. 
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Figure 6 Photomicrograph of spleen tissue sections of rats treated with Ni nanoparticles. 

Notes: (A and D) Show normal spleen morphology with I mg/kg of Ni nanoparticles (X40 and XI 00, respectively); {B and E) show increased red pulp area with 10 mg/kg 
of Ni nanoparticles (X40 and XI 00, respectively); {C and F) show increased red pulp area with 20 mg/kg of Ni nanoparticles (X40 and XI 00, respectively). 
Abbreviations: ca, central artery: gc, germinal center; Ni, nickel: rp, red pulp: t, trabeculae; wp, white pulp. 



infiltration in the alveolar, peribronchial, and perivascular 
regions (Figure 4B, D, and E) compared to the controls 
(Figure 4A). With the 20 mg/kg dose, foamy macrophages 
were observed in the alveolar spaces (Figure 4C). Even 
though Ni nanoparticles caused thickening of alveolar septae, 
the architecture was identifiable in all dose groups. 

Ni nanoparticle treatment in rats was associated with 
lymphocytic infiltration at the periphery of the liver with 
the 20 mg/kg dose (Figure 5E) compared to controls 
(Figure 5 A). In addition, the liver with 1 mg/kg, 10 mg/kg, 
and 20 mg/kg doses (Figure 5B, C, and D) showed that the 
normal architecture of the liver parenchyma was distorted. 
Ni nanoparticles also caused changes in spleen tissue 
morphology. The changes were most prominent with the 
10 mg/kg and 20 mg/kg doses, which showed increased red 
pulp area (Figure 6C, D, E, and F) compared to the spleen 
with 1 mg/kg. Figure 6A and B show the spleen at 1 mg/kg 
with no prominent morphological changes. 

Discussion 

Nickel and nickel compounds are widely used in indus- 
try" and, recently, in nanomedicine.'* Research has 
shown that intravenous injection of other nanoparticles is 
more suitable for radiotherapy;" however, the toxicity of 



intravenously delivered metallic Ni nanoparticles is yet 
to be fully elucidated. In this study, the acute toxicity of 
intravenously administered metallic Ni nanoparticles was 
investigated in rats using standard laboratory tests. 

DPV injection of Ni nanoparticles led 
to inflammatory infiltrates in the lung 

In the lung, histopathological examination showed mild and 
focal inflammatory infiltrates in the pulmonary parenchyma 
of Ni nanoparticle treated rats. Most of these infiltrates were 
observed around the blood vessels and terminal ducts. Apart 
from slight increases in the size of the alveolar septae, all 
other pulmonary parenchyma appeared normal. The infil- 
trates were mostly composed of lymphocytes; T lymphocytes 
are thought to be both pro and anti-fibrotic.^" Other studies 
involving Ni oxide nanoparticles have also reported the pres- 
ence of lymphocytic infiltrates in the lung.^' In the high dose 
group, foamy macrophages were observed in the alveolar 
spaces, which are found in various lung diseases. A study by 
Yuasa and Kanazawa^^ found that foamy macrophages can 
be derived from monocytes in the blood. Our hematological 
analysis showed that the percentage of monocytes with the 
20 mg/kg dose was also significantly increased (Table 2). 
These findings suggest that Ni nanoparticles caused acute 



submit your manuscript | www.dovepress.com 
Dovepress 



International Journal of Nanomedicine 2014:9 



Dovepress 



Toxicity of nickel nanoparticles in rats 



Table 2 Hematoloj 


;lcal parameters of rats treated with/without Ni nanoparticles 


through DPV 




Parameters 


Mean ± SD 








1 Li \Jt 


1 mg/Kg 


1 0 mg/kg 


20 mg/kg 


WBC 


8.45±l.66 


1 l.78±l*^ 


1 n c;ft+ 1 AR 

1 U.DOX 1 .OO 


1 n R7 

1 U.OJXj.D/ 


Ne (%) 


1 9.6± 1 


I6.83±l.46* 


1 txu.o 


1 4 1 7+(\ 

1 *t. 1 /XU.Ot' 




78.65±3.97 


79.93±3.95 


oZ./ojIJ. 1 3 


7'; 7Q+'3 T? 


Mo (%) 


1 "714- 1 1 
1 ./J± 1 .1 


J.4±J. J 1 


1 t^+l 7 
1 .3X 1 ./ 




Eo (%) 


l.43±l.27 


0.8±0.28 


2.5±3.5 


0.78±0.2S 


RBC 


7.4±0. 1 3 


7.34±0.I2 


7.52±0.03 


8.02±0.0S** 


Hb 


I44.67±3.5I 


I42.33±2.08 


I45.33±I.I6 


IS7.67±4.5I* 


MCHC 


3I6±4.32 


3I5±2.94 


320.25±4.35 


32l.25±8.73 


PLT 


992.75± 120.70 


I,I38.25±7I.07 


l,026.5±62.32 


I,0I6.S± 187.77 



Notes: *P<0.05, **P<O.OI, ***P£O.OOI versus control. 

Abbreviations: DPV, dorsal penile vein; Eo, eosinophil; Hb, hemoglobin: Ly, Lymphocyte; MCHC, mean corpuscular hemoglobin concentrate; Mo, monocyte: Ne, neutrophil; 
Ni, nickel; PLT, platelet; RBC, red blood cell; SD, standard deviation; WBC, v^hite blood cell. 



inflammation and injured the lungs, as monocytes increase 
with inflammation.^' 

The number of WBCs was increased significantly with 
the 1 mg/kg dose of Ni nanoparticles, and even though 
the differentials showed that there was an increased mono- 
cyte percentage, this was not significant. In the 1 mg/kg dose 
group there was a significant decrease (P^O.OS) in the per- 
centage of neutrophils, while with 10 mg/kg and 20 mg/kg, 
the significant decrease (P^O.Ol) in neutrophil percentage 
was greater. The RBC numbers increased significantly with 
the 20 mg/kg dose, which was concurrent with a significant 
increase in the Hb concentration. An increase in RBC count 
(polycj'themia) in the circulation occurs in cases of low 
oxygen levels, which triggers increased erythropoietin secre- 
tion in the kidney; this can be either primary or secondary 
polycythemia. In this study, the polycythemia may have been 
a consequence of less oxygen reaching the alveolars due to 
pulmonary disease.^" The increase in the red pulp area as 
observed in the histological sections of the spleen with the 
10 mg/kg and 20 mg/kg doses support the hematological 
findings of increased RBC production. An increase in the 
red pulp area may be caused by pathological conditions, 
such as portal hypertension, cardiac failure, or extramedul- 
lary hematopoiesis. The spleenic changes observed in this 
study may be due to extrameduUary hematopoiesis produced 
as a result of hypoxia or inflammatory mediators^^ released 
in response to inflammation caused by Ni nanoparticles. 
Therefore, as the dose increases, the level of inflammation 
increases, thus leading to increased red pulp area (extramed- 
uUary hematopoiesis) in the spleen. Apart from those that 
were previously mentioned, all other hematological param- 
eters measured showed no significant changes. Also, the 
results obtained in this study do not follow a predictable 
pattern, which is a cause for further studies that may help 



in refuting or confirming these findings and elucidating the 
mechanisms associated with this variability. 

DPV injection of Ni nanoparticles 
induced liver injury 

Ni nanoparticle treated rats showed a dose dependent increase 
in the liver coefficient. This was supported by histopatho- 
logical examination of the liver that showed distortion of 
normal liver architecture due to congestion, as evidenced 
by the decrease in sinusoids compared to the controls. It is 
also supported by the aggregates of lymphocytic and eosino- 
philic infiltrates at the periphery of the liver tissue with the 
20 mg/kg dose. This evidence indicates that intravenously 
injected Ni nanoparticles cause inflammation of the rat liver, 
which may have led to the changes seen in the liver coef- 
ficient (Figure 1). The biochemical analysis of blood serum 
indicated liver injury with the 20 mg/kg dose. A significant 
decrease and increase in the serum levels of total bilirubin 
and ALP with the 20 mg/kg dose (Table 3) was observed, 
respectively. When more than 50% of the total bilirubin is 
conjugated (direct) bilirubin, hepatocellular injury can be 
inferred.^* The direct bilirubin level with the 20 mg/kg dose 
was significantly increased, implying that hepatocellular 
injury may have occurred. This is supported by the increased 
ALP levels in serum. Increases in ALP levels coupled with 
conjugated hyperbilirubinemia, and a negligible increase 
in aminotransferase levels, may be present in cholestatic 
drug reactions.^' This implies that intravenously injected Ni 
nanoparticles may cause toxic reactions that are similar to 
those caused by drugs. No significant differences in the other 
liver profile parameters were observed. With the 20 mg/kg 
dose, serum levels of cholesterol was significantly increased. 
In some liver diseases, increased serum cholesterol levels 
have been observed. 
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Table 3 Biochemical parameters of rats treated with/without Ni nanoparticles throuj 


;h DPV 




Parameters 


Means ± SD 








Cnnt-ml 

^^XJl 1 LI \Jl 


1 Illg/Kg 


1 0 mg/kg 


20 mg/kg 


Liver profile 










Total protein 


bb.l±l.l 1 


57.63±2.3 


SS 08+1 23 


55 97+1 18 


Albumin 


32.l±l.39 


34.48±0.82* 


32.35±0.97 


32 98+0 85 


Al D 
ALr 




24b.7b±l /. 1 7 


243.5+44.44 


26 1 .7S± 1 3** 


AST 


I40.2S±S7.48 


I00.7S± 14.01 


1 37 5+9 68 


1 26 67+25 34 


A 1 T" 

ALI 


74.33±3.2I 


66.7±0.67* 


7 i+T 

/ 1 XZ.Oj 


74 '54-4 l") 


Total bilirubin 


1 . 1 ±0.26 


0.7±0.2 


0 6+0 2* 


n 9+n OA** 


Direct bilirubin 


1 .43±0.6S 


0.67±0. 1 2 




U.Z/IlU. I J 


Renal profile 










Creatinine 


1 8±2.94 


1 6.7S±0.S 


18+1 41 


16 5+1 29 


Uric acid 


86.7S±20. 19 


68.7S± 10.72 


P7 7R+ 1 0 QA 
a/ ./ jjl \ Z.tJf 




BUN 


S.56±0.87 


5.63±0.2I 


9 1+0 AA 

J.Z 1 ZLU.OO 


A 04+0 "^9 


Cardiac profile 










CK 


4, 197.3±2,634.9 


468.33±I07.2* 


■7 77Q 7+'5n'; 

Z,/ / 


1 Q4P 7+1 QA R* 
1 ,7*ro./X 1 70.D 


CK-MB 


739.S±382.8 


442.S±7 1 .08 


Aft"; "^t^+l "? 1 A 


■^911 7'^+94fi 1 i 


Lipid profile 










LDL-cholesterol 


0.2±0.02 


0. IS±O.OI* 


0. 1 7±0.02 


0. 1 9±0.0 1 


Cholesterol 


1 .87+0. 1 8 


1 .84+0.29 


1 73+0 24"*^ 




Triglycerides 


I .zjiU. 1 z 


1 .4?j:U. I 


1 38+0 1 S"*^ 


1 25+0 1 5 


Apo-E 


27.3±0.S 


29.67±I.S3 


30±0.5* 


3 1 .67±0.S8** 


Serum electrolytes 










Magnesium 


0.97±0.08 


0.9±0.02 


0.88±0.03* 


0.8S±0.03* 


Phosphate 


2.6! ±0.07 


2.48±0.09 


2.22±0.22* 


2.0S±0.I** 


Iron 


4I.2S±S.I2 


4I.7S±3.86 


42.25±3.6 


46.S±S 



Notes: *P<0.05, **PsO.O I versus control. 

Abbreviations: ALP, alkaline phosphatase; ALT, alanine transaminase; Apo-E, apolipo protein E; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CK, creatine 
linase; DPV, dorsal penile vein; LDL, lov^-density lipoprotein; Ni, nickel. 



The Apo-E concentration in serum was also significantly 
increased with the 20 mg/kg dose. Apart from lipid metabo- 
lism, the Apo-E protein is thought to have a variety of func- 
tions, such as repairing blood vessel walls, regulation of 
immune status, and anti-oxidant activities.^* The increase 
in serum levels of Apo-E in this study may have been in 
response to the increase in cholesterol levels. It may also have 
been increased in response to other factors, such as oxidative 
stress, mechanical stress on the blood vessel walls due to 
the type of exposure mode used (intravenous), and immune 
response. Apo-E levels in serum were also increased with the 
10 mg/kg dose. However, in this dosage group, the choles- 
terol level was significantly decreased, while the triglyceride 
level was significantly increased. Increased triglyceride levels 
leads to increased risk of cardiovascular disease, even in cases 
where cholesterol levels are not raised.^' With 1 mg/kg, the 
serum level of triglycerides was also significantly increased, 
with a significant decrease in LDL cholesterol. 

There were no apparent pathologies observed in the brain, 
heart, or testes of SDRs treated with Ni nanoparticles. The elec- 
trolyte profile showed a dose dependent decrease in potassium 



levels in serum. A decrease in serum potassium levels has been 
linked to increased risk of cardiac events, such as arrhythmia,'" 
and hypokalemia has also been associated with small cell lung 
cancers. '' Magnesium levels were also decreased with the 
10 mg/kg and 20 mg/kg doses of Ni nanoparticles. Low levels 
of magnesium exacerbate potassium wasting and aggravate the 
adverse effects of hypokalemia on target tissues, such as the 
heart.'^ It is estimated that more than 50% of clinically signifi- 
cant hypokalemia is concomitant with magnesium deficiency; 
however, hypomagnesemia does not necessarily indicate a mag- 
nesium deficiency.^' The hypokalemia and hypomagnesemia 
may also indicate changes in the glomerular filti-ation rate, but 
the histological sections of the kidney and biochemical analysis 
showed no evidence of acute renal toxicity. Further examina- 
tions using histochemical and molecular methods may help in 
elaborating on these findings. 

Even though there was a significant decrease in CK levels, 
no significant changes in CK-MB levels were observed, sug- 
gesting that this decrease may have been due to other factors, 
such as liver injury. This is also supported by the normal 
histology of the heart in each of the dose groups. 



submit your manuscript | www.dovepress.com 
Dovepress 



International Journal of Nanomedicine 2014:9 



Doveoress 



Toxicity of nickel nanoparticles in rats 



Conclusion 

In this study, Ni nanoparticles induced acute inflammation in 
the lung, evidenced by foci of lymphocytic infiltrates in all 
dose groups and foamy macrophages in the high dose group. 
This was also supported by a high percentage of monocytes in 
the blood. Ni nanoparticles were seen to cause acute liver 
injury in the high dose group, as shown by the presence of 
inflammatory infiltrates in the liver and congestion leading to 
distortion of the normal liver morphology. This was supported 
by significant changes in the serum levels of total bilirubin 
and ALP. Ni nanoparticles also caused spleen injury leading 
to increased RBC production in the high dose group. The 
splenic injury may be a product of hypoxia or inflammatory 
mediators. Hypokalemia and hypomagnesemia leading to 
acute cardiac toxicity in the form of arrhythmias may also be 
implied. Therefore, intravenous injection of Ni nanoparticles 
may impact the liver, lung, spleen, and heart. 
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